cot-1 mutants belong to a class of Neurospora crassa colonial temperature-sensitive (cot) mutants that exhibit abnormal polar extension and branching patterns when grown at restrictive temperatures. cot-1 encodes a Ser/Thr protein kinase that is structurally related to the human myotonic dystrophy kinase which, when impaired, confers a disease that involves changes in cytoarchitecture and ion homeostasis. When grown under restrictive conditions, cot-1 cultures exhibited enhanced medium acidification rates, increased relative abundance of sodium, and increased intracellular glycerol content, indicating an ion homeostasis defect in a hyperbranching mutant. The application of ion transport blockers led to only mild suppression of the cot-1 phenotype. The presence of increased medium NaCl or sorbitol, H 2 O 2 , or ethanol levels significantly suppressed the cot-1 phenotype, restored ion homeostasis, and was accompanied by reduced levels of cyclic AMP-dependent protein kinase (PKA) activity. The cot-1 phenotype could also be partially suppressed by direct inhibition of PKA with KT-5720. A reduced availability of fermentable carbon sources also had a suppressive effect on the cot-1 phenotype. In contrast to the effect of extragenic ropy suppressors of cot-1, environmental stress-related suppression of cot-1 did not change COT1 polypeptide expression patterns in the mutant. We suggest that COT1 function is linked to environmental stress response signaling and that altering PKA activity bypasses the requirement for fully functional COT1.
In filamentous fungi, growth proceeds by extension of hyphal tips and branching. A defect in the Neurospora crassa colonial temperature-sensitive 1 gene (cot-1) confers a defect in hyphal extension that results in colonial growth at 32°C and above but normal growth and morphology, similar to that of the wild type, at or below 28°C (8) . The cot-1 gene encodes a Ser/Thr protein kinase (51) , and the defect in a cot-1 mutant has been mapped to a single base change resulting in a His-to-Arg substitution at amino acid 351 within the catalytic domain of the kinase (17) . Antibodies raised against COT1 detect in N. crassa extracts a predominant 73-kDa polypeptide whose abundance is constant under all growth temperatures tested, while an additional 67-kDa polypeptide is present in extracts obtained from the wild type and the cot-1 mutant grown at permissive temperatures but is almost undetectable in extracts obtained from the cot-1 mutant grown under restrictive conditions (above 32°C). The N. crassa COT1 Ser/Thr protein kinase is related to the Rho kinase subfamily. COT-1 kinase highly resembles the Drosophila Warts kinase (23) , the fission yeast Orb6 gene product (46) , the budding yeast Cbk1 protein (4) , and the human myotonic dystrophy kinase (DMPK) (25) . Dysfunction or partial inactivation of these kinases leads to a dramatic change in the morphology of the cells or tissues of the organisms.
Myotonic dystrophy, the most prevalent muscular disorder in adults, occurs in individuals carrying a defect in the DMPKencoding gene. The disease involves changes in cytoarchitecture and ion homeostasis (2) . Reports have demonstrated that myotonia occurs with abnormalities of the muscle membrane, along with various channel abnormalities involving Na ϩ , K ϩ , and Ca 2ϩ channels (7, 25, 33) . Furthermore, the effective reduction of myotonia by use of ion channel blockers has been reported (45) . It has also been suggested that the increased steady-state mRNA levels of Na ϩ or K ϩ ATPase may alter the regulation of the osmotic balance within the mouse eye lens (42) .
Growing hyphae, like other cells, maintain a membrane potential and ionic gradients for transporting solutes in and out of the cell and establishing and maintaining apical organization, morphogenesis, and growth (11) . The mechanistic aspects of sodium involvement in hyphal growth have been demonstrated by the identification and characterization of several sodium ATPases in N. crassa (3) . The importance of proton efflux, rather than Na ϩ , in maintaining a pH gradient and a membrane potential has funneled much of the attention to analyses of the plasma membrane ATPase (11) . In Saccharomyces cerevisiae, regulation of the plasma membrane ATPase ENA1 has been shown to be complex and can involve calcineurin, the high-osmolarity glycerol mitogen-activated protein kinase, and the cyclic AMP-dependent protein kinase A (PKA) pathways (18, 20, 26, 38) . PKA, which can respond to general stresses (44) , plays an important role in osmotic adaptation in parallel to mitogen-activated protein kinase (27, 31) . Structural components of these pathways in different fungi have been identified. However, even though many of the components are highly conserved, some of their functions or regulatory mechanisms may differ (12, 13, 19, 34, 37) .
In this article, we report on changes that occur in ion homeostasis in the N. crassa cot-1 mutant, demonstrate morpho-logical suppression of the cot-1 phenotype by imposing changes on the fungal membrane transport machinery and introducing osmotic or other environmental stresses, and compare the effects of environmental and genetic suppression on the abundance of immunodetectable COT1. We also show that the cot-1 phenotype can be suppressed by inhibition of PKA, suggesting a functional link among COT1, PKA, and the cellular response to environmental stress.
MATERIALS AND METHODS
N. crassa strains, media, and growth. N. crassa wild-type strains 74-OR23-1A and FGSC 987, cot-1 (FGSC 4065), ro-1 (FGSC 4531), ro-3 (FGSC 43), ro-1 cot-1 (36) , and ro-3 cot-1 (36) strains, and strain POP6 (17) were used throughout this study. Procedures used for fungal growth and other manipulations were described by Davis (11) . Strains were grown in either liquid or on solid (supplemented with 1.5% agar) Vogel's medium with 1.5% (wt/vol) sucrose, unless stated otherwise. When required, diethylestilbestrol (DES; 50 M), amiloride (150 to 200 M), oubain (600 to 800 M), KT-5720 (75 M), H 2 O 2 (7 mM), 8-bromoadenosine-cyclic AMP (cAMP) (1 to 5 mM), or ethanol (7.5%, vol/vol), each purchased from Sigma (St. Louis, Mo.), was added to the medium.
Protein extraction and immunoblotting. N. crassa mycelial samples were frozen in liquid nitrogen, pulverized, and suspended in lysis buffer (1 M sorbitol, 10 mM HEPES [pH 7.5], 5 mM EDTA, 5 mM EGTA, 5 mM NaF, 0.1 M KCl, 0.2% Triton X-100, complete protease inhibitor mixture [Roche Applied Science, Mannheim, Germany]). The samples were homogenized by 10 strokes of pestle A in a Dounce homogenizer. The homogenates were centrifuged for 40 min at 10,000 ϫ g, and the supernatants were recovered and stored at Ϫ70°C until analysis. Proteins were separated by sodium dodecyl sulfate-7.5 or 10% polyacrylamide gel electrophoresis. Western blotting was performed by standard procedures (41) . Antibodies used throughout this study included ␣COT (17) and goat peroxidase-coupled secondary antibody (Amersham Biosciences, Freiburg, Germany).
Glycerol determination was performed as described by Ben-Amotz and Avron (1), with slight modifications. Proteins were extracted in the presence of HEPES (10 mM, pH 7.5) buffer (10 mM KH 2 PO 3 , 5 mM EGTA, 5 mM NaF, complete protease inhibitor mixture), which does not interfere with the detection of polyols. Protein extracts, brought to a final volume of 0.2 ml, were incubated with 0.2 ml of periodate reagent (65 mg of sodium periodate dissolved in 100 ml of 6% acetic acid containing 7.7 g of ammonium acetate) for 5 min at room temperature. The reaction was carried out in the presence of 0.625 ml of acetylacetone reagent (1.0 ml of acetylacetone in 99 ml of isopropanol) at 40 to 50°C for 15 to 20 min. After the samples had cooled, the optical densities at 410 nm were measured and compared to that of a glycerol standard (Sigma).
PKA activity assays. Protein extracts from N. crassa cultures were prepared from mycelial samples which had been frozen in liquid nitrogen and subsequently ground (twice, for 30 s each time, at 4,000 rpm) with 0.5-mm glass beads in a FastPrep FP120 bead beater (Savant, Farmingdale, N.Y.) in the presence of PKA extraction buffer (50 mM Tris-HCl [pH 7.5], 5 mM EDTA, 5 mM EGTA, 10 mM NaF, 0.1 M KCl, 0.5% Triton X-100, 0.2% sodium dodecyl sulfate). The homogenates were centrifuged for 40 min at 10,000 ϫ g, and the supernatants were recovered for PKA activity assays. PKA activity was determined on the basis of Kemptide phosphorylation, as measured by using a PepTag kit (Promega, Madison, Wis.) with minor modifications of the manufacturer's instructions (the PKA activator was diluted 10-fold, and the enzymatic reaction was carried out at 37°C).
Microscopy. For light microscopy, samples were viewed with a Zeiss Axioscope microscope. Photographs were taken with Fujichrome 100-ASA film. For X-ray microanalysis (9), hyphae were mounted on Ocolon mounts and transferred to the low-vacuum stage of a JEOL 5410LV scanning electron microscope equipped with a Link ISIS (Oxford Instruments, Oxfordshire, United Kingdom) energy-dispersive X-ray detector. This form of analysis provided an indication of the relative abundances of different ions within a scanned region.
RESULTS
Ionic balance is altered in a cot-1 background. Defects in DMPK and DMPK-related proteins have been shown to be associated with ionic imbalance. As proton efflux is the key regulatory mechanism for the maintenance of membrane potential in fungi and is in concert with the balance of other ions, we first determined whether changes occur in proton efflux during the growth of cot-1 cultures at restrictive temperatures. Changes in medium pH were used as an indication of alterations in proton efflux. Vogel's medium was inoculated with either cot-1 or wild-type conidia and cultured on a rotary shaker for 20 h at 25°C. The cultures were then shifted to growth at 37°C, and the medium pH was measured periodically. Even though the medium pH decreased during the time course of the experiment, no significant difference in the rates of medium acidification between wild-type and cot-1 cultures at the different time points was observed (Fig. 1A) . However, a significant increase in the accumulation of wild-type culture biomass was measured relative to cot-1 culture biomass. Because at the restrictive temperature cot-1 culture growth was almost completely inhibited, the final cot-1 culture biomass amounted to only about 25% that of the wild type (Fig. 1A) . Thus, we concluded that the relative contribution of cot-1 culture biomass to medium acidification is significantly higher than that of the wild type and that this finding is a clear indication of increased proton efflux by the mutant.
As proton efflux appears to be irregular in cot-1 cultures grown under restrictive conditions, we tested the effect of several ion pump inhibitors on cot-1 culture proton efflux and morphology. DES is a potential inhibitor of H ϩ ATPases in different cell types (10) . When the growth medium was amended with 50 M DES (a concentration that did not significantly alter biomass accumulation), the extent of medium acidification by wild-type cultures was reduced to 0.5 to 0.6 pH unit, as measured 6 h after the temperature shift, whereas wild-type control cultures acidified the medium by 0.8 to 1.0 pH unit over the same growth period (Fig. 1B) . The effect of DES on medium acidification by cot-1 cultures was more dramatic (over the same time course, the pH was reduced by only 0.25 to 0.35 U). Furthermore, the cot-1 phenotype was partially suppressed (Fig. 1C) . Consequently, we also detected a slight increase in cot-1 culture biomass.
We determined the influence of two other ion pump inhibitors on the medium acidification and morphology of cot-1 cultures under nonpermissive conditions. Both inhibitorsamiloride (an Na ϩ or H ϩ antiporter inhibitor) (5) and oubain (an Na ϩ or K ϩ ATPase inhibitor) (48)-affected the extent of culture acidification (acidification over the 6-h growth period following the temperature shift was 0.4 to 0.45 pH unit). In addition, mild suppression of cot-1 culture hyperbranching was evident in the growth cultures (Fig. 1C) . If proton imbalance were the reason for the morphological defects observed in cot-1 cultures, then blocking of proton or cation pumps might be able to suppress these defects. Even though these inhibitors had a significant effect on fungal cell proton efflux, induction of growth and elongation of cot-1 hyphae with the addition of DES were very minor, and the effects of amiloride and oubain were even more subtle. We therefore concluded that the cot-1 phenotypic defect most likely is not a result of proton imbalance.
To determine whether the increased proton efflux was accompanied by a change in the abundance of intracellular ions in the cot-1 mutant, we performed X-ray microanalysis of hyphae. The relative abundances of phosphorus, sulfur, potassium, and sodium in wild-type and cot-1 strains were moni-700 GOROVITS AND YARDEN EUKARYOT. CELL tored. When the strains were grown at 25°C, the relative amounts of all analyzed ions were similar (data not shown). However, a clear decrease (two-to fourfold) in the relative abundance of sodium ions was observed in cot-1 strains following a 6-h shift from 25 to 37°C (Table 1) . No significant change in the relative abundances of the other ions was detected.
To determine whether overcoming the sodium deficiency would affect cot-1 culture morphology, the growth medium was amended with NaCl at final concentrations ranging from 0. to 2 M. The radial growth of the wild type was not significantly affected in media containing NaCl at concentrations of up to 1.2 M (Fig. 2A) . However, at the higher concentrations tested (up to 2 M), a clear inhibitory effect was measured, regardless of the growth temperature (25 or 37°C). The sensitivity to NaCl of cot-1 cultures grown at 25°C was very similar to that of wild-type cultures, but at 37°C, clear suppression of the growth defect was observed in media amended with NaCl at concentrations ranging from 0.5 to 1.5 M (Fig. 2C) . Moreover, the radial growth of cot-1 cultures was more pronounced in media with NaCl at concentrations of up to 1.5 M, where the hyperbranching phenotype was suppressed ( Fig. 2A) . A fungal transformant containing both mutant and wild-type alleles of cot-1 (POP6) (17) exhibited growth characteristics similar to those of the wild type in the presence of increased salt concentrations ( Fig. 2A) , indicating that the reintroduction of COT1 function results in a resumption of the wild-type growth response to NaCl. Environmental stresses lead to morphological suppression of the cot-1 phenotype. Two lines of experimentation were used in order to establish the specificity of the effect of NaCl on the growth of cot-1 cultures. To determine whether the effect is ion specific, cot-1 cultures were grown in media amended with other ionic salts at concentrations ranging from 0.5 to 1.5 M. Amending the growth media with KCl and sodium acetate (instead of NaCl) resulted in suppression of the cot-1 phenotype, similar to that observed in the presence of NaCl (data not shown). Interestingly, adding similar molar concentrations of Ca 2ϩ did not alter the growth morphology of cot-1 cultures.
To determine the specificity of the sodium ion effect, we cultured cot-1 cells in the presence of LiCl. As Li ϩ is apparently transported via Na ϩ transporters, it can be used to induce changes in the sodium uptake machinery in a manner similar to that of Na ϩ (29) . However, LiCl can mimic the physiological effects of NaCl at molar concentrations that are 1 order of magnitude lower than those of the sodium salt. Thus, in this set of experiments, we were able to uncouple the ionic effect from the osmotic effect and determine that LiCl, applied at physiologically active concentrations (50 to 250 mM), does not affect cot-1 cell morphology at the restrictive temperature (data not shown). Based on these experiments, we concluded that even if increased external Na ϩ ion concentrations could restore the ionic balance in cot-1 cells, the change in the external osmolarity imposed by the salt amendment, rather than the specific effect of sodium, would be the major cause for suppression of the cot-1 phenotype at the restrictive temperature.
To further confirm this conclusion, we replaced the salt amendment with sorbitol, which does not penetrate cells as readily as salt ions yet, at the appropriate concentrations, will alter the extracellular osmotic pressure. Sorbitol was used at concentrations ranging from 0.25 to 2.5 M. At the higher concentrations tested (1.5 to 2.5 M), wild-type cell growth was inhibited at 25 and 37°C (Fig. 2B) , as was cot-1 cell growth at the permissive temperature (Fig. 2B) . When cells were grown in media amended with sorbitol at concentrations of 1.0 to 1.5 M, cot-1 filament elongation could be observed, even at the restrictive temperature (Fig. 2C) . Along with the suppression of the cot-1 phenotype in the sorbitol-amended medium, we also observed an increase in the relative intracellular sodium content (Table 1 ) and a reduction in the rate of acidification of the culture medium (to a difference of 0.4 to 0.5 pH unit 6 h after the temperature shift). These results indicate that suppression of the cot-1 phenotype is not ion specific but is a result of the osmotic changes imposed on growing cells.
Since the cot-1 hyperbranching phenotype is suppressed by changes in environmental conditions, we complemented the phenotypic analysis of cot-1 by monitoring changes in the intracellular levels of glycerol (a key fungal osmoregulator). We found that when cells were grown at restrictive temperatures, steady-state levels of glycerol were two-to threefold higher in cot-1 cultures than in wild-type cultures (1.25 Ϯ 0.25 [mean and standard deviation] and 0.5 Ϯ 0.1 g/mg of dry weight, respectively). A decrease in glycerol levels (to 1.0 Ϯ 0.15 g/mg of dry weight) also accompanied the partial phenotypic suppression of cot-1 obtained by the addition of DES. Whether the changes in the steady-state levels of glycerol in cot-1 cells were directly imposed by the mutation in cot-1 (e.g., affecting osmosensing) or were a downstream consequence of the severe phenotype has yet to be determined.
In addition to osmotic and salt stresses, we also tested the effects of oxidative stress and the presence of ethanol on the growth of cot-1 cells. Amending the growth medium with noninhibitory concentrations of either H 2 O 2 (5 to 7 mM) or ethanol (7.5%) resulted in the restoration of hyphal elongation and a clear reduction in the branching frequency for cot-1 cells at the restrictive temperature ( Fig. 3B and C) . These results suggest that the suppression of cot-1 is not limited to sensing of osmotic stress but most likely involves a more general stress response mechanism(s).
Impairment of PKA activity leads to suppression of the cot-1 phenotype. The suppression of the cot-1 phenotype by various environmental stresses suggests that components of the cellular stress signaling machinery may be linked to COT1 activity. Since PKA has been shown to be involved in fungal stress responses (including salt, ethanol, and oxidative stresses) (26, 27, 38, 53) , we monitored PKA levels in extracts prepared from cot-1 cultures (grown at the restrictive temperature) that had been suppressed by NaCl, H 2 O 2 , or ethanol. In all cases, a clear reduction in PKA activity levels was observed for protein extracts prepared from the fungal cultures (Fig. 4) . While taking into consideration the fact that the assays used were limited to determination of the overall potential of PKA activity within a cell extract, if enhanced PKA activity has a direct effect on the fungal phenotype, then it is expected that the direct inhibition of PKA will also result in the suppression of cot-1. This is, in fact, the case, as amending the growth medium with a PKA inhibitor (KT-5720) resulted in partial suppression of the cot-1 phenotype (Fig. 5A ). This suppression was accompanied by a marked reduction in PKA activity in protein extracts (Fig.  5B) . Furthermore, the addition of 1 mM 8-Br-cAMP, an agonist of PKA activity, resulted in increased severity of the cot-1 phenotype, to the point where cultures could hardly develop (data not shown), along with increased PKA activity (Fig. 5B) .
In additional experiments, we determined that the presence of the PKA agonist almost completely inhibited the suppressive effect of sorbitol on cot-1 cell morphology ( Fig. 2C and 3D) . Nonetheless, when wild-type cultures were grown in the presence of even five times the concentration of the PKA agonist (5 mM), no observable phenotype was evident (data not shown).
A clear linkage between the PKA pathway and carbon source sensing has been established for S. cerevisiae (44) as well as for Aspergillus (32) . To determine whether cot-1 phenotype suppression is affected by carbon source, we replaced sucrose with either glycerol (3%) or galactose (1.5%). In both cases, the cot-1 phenotype was suppressed in a manner similar to that observed when cot-1 cells were cultured in the presence of sorbitol. Furthermore, clear suppression of the cot-1 phenotype was observed when the mutant was grown in a carbonpoor (0.15% sucrose) medium (data not shown). We also added glucose to sorbitol-amended cot-1 cell growth medium in order to determine whether the presence of a repressing sugar can alter the suppressive effect of sorbitol. Our results indicated that glucose (also shown to activate PKA [31] ) clearly inhibits the suppressive effect of sorbitol ( Fig. 3E and F) .
These results, along with the effects of the tested stress inducers and PKA agonists and inhibitors, indicate a link among COT1 function, PKA, and the regulation of hyphal elongation.
Correlation between suppression of cot-1 cell morphology by environmental and genetic factors and the abundance of the 67-kDa COT1 polypeptide. Previously, it was shown that a decrease in the abundance of a 67-kDa polypeptide, which was detected by anti-COT1 antibodies, accompanied the cessation of growth of the cot-1 mutant at restrictive temperatures. Furthermore, the presence of this polypeptide could be rapidly detected shortly after the cultures were shifted back to permissive temperatures (17) . To determine the extent of the correlation between suppression of the morphological defects and the presence or absence of the 67-kDa polypeptide, we performed immunodetection analysis of cot-1 cultures grown under different suppressive conditions. Western analyses with extracts from cot-1 cultures that had been exposed to the described environmental stresses showed that suppression of the cot-1 phenotype, induced by the addition of ion pump inhibitors or defined concentrations of NaCl or sorbitol, was accompanied by only very low, if any, detectable levels of the 67-kDa COT1 polypeptide (Fig. 6A and B) . Similarly, the application of additional environmental stresses (H 2 O 2 or ethanol) that suppress the cot-1 phenotype did not result in any significant increase in the abundance of the 67-kDa polypeptide, which was clearly observed when the cultures were grown at permissive temperatures (Fig. 6C) . The fact that we could not detect a change in the abundance of the 67-kDa band (which occurs very quickly after cot-1 cultures are shifted from restrictive to permissive temperatures) suggests that the suppressed phenotype is a result of bypassing the requirement for a functional COT1 protein. This possibility is supported by the results of experiments in which the COT1 polypeptide expression pattern was determined for cultures where PKA activity had been inhibited by the presence of KT-5720 (resulting in suppression of the cot-1 phenotype). As in experiments with environmental stress suppression, no significant change in the abundance of the 67-kDa band could be observed when PKA activity was inhibited (data not shown). We therefore concluded that the phenotypic response of the mutant to environmental stresses and alterations of PKA activity (which is involved in the cellular responses to a variety of stresses) probably does not involve the regaining of COT1 function (which, to date, has been correlated with the presence of the 67-kDa band).
Genetic suppressors of cot-1 have been identified on the basis of improved growth at restrictive temperatures (36) . Many of these have been determined to belong to the dyneindynactin cytoskeletal motor complex and have been shown to be allelic to previously isolated ropy mutations (35) . We used ro-1 and ro-3, two extragenic suppressors of cot-1 that encode cytoplasmic dynein and dynactin, respectively, to expand our COT1 immunodetection analysis. In contrast to the apparent lack of change in the abundance of the 67-kDa polypeptide 
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DISCUSSION
Because hyphal elongation is one of the key complex events in fungal growth, it is highly likely that multiple factors are involved in its regulation. The fact that mutations in a wide variety of genes (39, (50) (51) (52) can confer altered hyphal elongation (which, at times, is accompanied by hyperbranching events) is indicative of the fact that polar extension of the fungal cell and maintenance of normal cell shape are dependent upon the proper function of many cellular processes.
Even though COT1 has been identified as a kinase involved in hyphal elongation, the actual role of COT1 kinase in fungal cells has yet to be determined. In this article, we demonstrate that the consequence of impaired cot-1 not only is represented by the drastic macroscopic or microscopic morphological changes that can be observed following the temperature shift (16) but also is accompanied by changes in ion homeostasis, sensitivity to environmental stresses, and probable alterations in stress sensing machinery. The initial analysis of changes in ion homeostasis were based on evidence of the occurrence of such changes in mammalian myotonic dystrophy cell lines.
Results of experiments performed on mammalian cell lines focused mainly on Na ϩ or K ϩ levels. Our results suggest that changes in Na ϩ levels accompany impaired COT1 function but are most likely (along with high proton efflux) a downstream consequence of the genetic defect. This notion is supported by the use of different ion pump inhibitors, which only slightly suppressed the cot-1 phenotype. In contrast to the mild suppressive effects of the ion pump inhibitors tested, the effects of various environmental stresses (i.e., osmotic, oxidative, and ethanol) were much more pronounced. The effects of these stresses suggest that a more general response mechanism is involved in mediating the suppressive effect. One of the common denominators of fungal responses to these stresses has been shown to involve cAMPdependent protein kinase (26, 27, 38, 53) . cAMP signaling has already been shown to control a number of developmental events, such as growth polarity in different fungi, including N. crassa (6) , Aspergillus niger (43) , and Candida albicans (30) . For the plant pathogenic fungi Ustilago maydis (15) , Magnaporthe grisea (28) , and Colletotrichum trifolii (49) and the human pathogen Cryptococcus neoformans (24) , cAMP signaling has been shown to be directly linked to fungal virulence (reviewed in reference 13).
We suggest that at least some of the altered sensing capabilities found to occur in cot-1 strains involve PKA function. An increase in PKA activity can confer a defect in growth polarity (which is phenotypically distinct from that of cot-1), as occurs in the N. crassa mcb strain (6). Inhibiting PKA activity by amending the medium with KT-5720 resulted in a reduction in potential PKA activity (as measured in vitro) and in partial suppression of the cot-1 phenotype (as is also the case with mcb; unpublished data). The link between PKA activity and polar growth is further supported by the fact that adding the PKA activator 8-Br-cAMP to cot-1 cultures grown at 37°C in the presence of sorbitol (cot-1-suppressing conditions) reverses the suppressive effect. Thus, even though the consequences of impaired COT1 function are pleiotropic, our results suggest that the defect in growth polarity can be attributed to altered PKA activity levels. Based on our results, the function of COT1 may differ from that of its apparent S. cerevisiae homologue-Cbk1p. Screens in S. cerevisiae have identified several proteins that could potentially interact with Cbk1p, the yeast homologue of COT1 (21, 22, 40, 47) . One of those proteins, Lre1p, shown to affect several stress-related cellular processes (e.g., chitinase activity and heat stress resistance) in yeast cells via inhibition of Cbk1p, does so independently of the cAMP or PKA pathway (47) . Even though this finding suggests that at least some Cbk1p-related functions do not involve the PKA pathway, it does not rule out the possibility that Cbk1p and COT1 kinases differ in their function or regulation in yeasts and filamentous fungi. This notion is supported by the fact that based on the full genome sequence of N. crassa (14) , no apparent structural homologue of Lre1p is present in this organism. Another possibility is that due to the higher morphological complexity of filamentous fungi, COT1 may have multiple functions, with different levels of association with the PKA pathway.
The differences in abundance of the 67-kDa band detected by the anti-COT1 antibodies in the case of genetic suppression versus environmental suppression may be indicative of the actual link between COT1 and the suppressive pathways. Thus, in the case of genetic suppression, the reappearance of the 67-kDa band, concomitant with its phenotypic suppression, suggests the involvement of COT1 abundance in reestablishing polar growth. One possible explanation for this phenomenon is that reducing the efficiency of retrograde transport (by impairing the motors involved in the process) may result in a reduced rate of functional COT1 turnover by maintaining higher levels of the protein in the vicinity of the plasma membrane. In contrast, suppression of the cot-1 phenotype by environmental stress (which is not accompanied by the reappearance of the 67-kDa polypeptide) is not dependent on increased COT1 function. It is conceivable that COT1 and PKA activity are linked [directly or via another protein(s)] and that altering PKA activity by environmental stimuli or inhibitors bypasses the requirement for the involvement of COT1 in the process. Comparison of the COT1 polypeptide expression patterns indicates that the consequences of impaired COT1 function can be overcome by alternate routes.
